BACKGROUND: Responses of the soil microbial and nematode community to organic and conventional agricultural practices were studied using the Teagasc Kinsealy Systems Comparison trial as the experimental system. The trial is a long-term field experiment which divides conventional and organic agriculture into component pest-control and soil treatment practices. We hypothesised that management practices would affect soil ecology and used community level physiological profiles, microbial and nematode counts, and denaturing gradient gel electrophoresis (DGGE) to characterise soil microbial communities in plots used for onion (Allium cepa L.) cultivation.
INTRODUCTION
Good soil husbandry is fundamental to sustainable long-term crop production and plant health, and is a focus of many techniques used by organic and conventional growers. However, our understanding of how agricultural practices affect soil ecology and contribute to soil functioning is incomplete. Soil health is broadly defined as 'the competence with which soil functional processes (e.g. nutrient cycling, energy flow) are able to support viable, self sustaining (micro) faunal and (micro) floral ecosystems'. 1 In contrast soil quality is defined by its 'suitability for a specific use'. This definition encompasses biological, physical and chemical attributes and is dependent on the soil type and land use context. 2 A number of studies have shown that biotic measures of soil quality and soil health can be affected by agricultural practices. Some studies have indicated that practices used in organic and sustainable conventional agriculture such as addition of organic matter, use of green manure or ley crops, crop rotations, reduced application of synthetic nutrients, and the absence of synthetic pesticides can increase indices of soil quality, 2 -4 soil disease suppressiveness, 5 and soil microbiological activity and diversity. 6 -8 Conversely, certain agrochemicals (for example, phenyl urea herbicides such as linuron, the benzimidazole fungicide carbendazim, and the biological pesticide azadirachtin) have been shown to impact soil microbial community structure. 9, 10 A number of techniques have been used to assess soil microbial diversity. Traditional techniques relied on the use of selective or semi-selective media, however community level physiological profiling (CLPP) and denaturing gradient gel electrophoresis (DGGE) have become widely used. CLPP is carried out using Biolog Eco-plates or Biolog GN plates which contain 31 or 95 different sole carbon sources, respectively. The subset of sole C sources used in the Eco-plates are known to occur in plant root exudates and/or to have a high discriminatory power among soil communities. 11, 12 Biolog plates enable assessment of soil functional (rather than taxonomic) diversity and of changes in substrate utilisation patterns. However it is a culture dependant method with a bias towards culturable, fast growing species. DGGE is a technique based on electrophoresis of polymerase chain reaction (PCR) amplified DNA samples across a denaturing gradient in an acrylimide gel. To date most soil DGGE community studies have used PCR products generated using primers based on the 16S rRNA gene for bacteria and archaea 9,13 -15 and the 18S small subunit region (SSU) of the fungal ribosomal RNA gene cluster. 16 -18 Separation of the mixture of PCR products generated on a DGGE gel gives rise to a community fingerprint which can be analysed using image analysis software and/or by sequencing of excised bands.
The aim of the present study was to examine the effect of organic, conventional and mixed agricultural practices on soil microbial and nematode community structure. The experimental system is a long term field trial that was set up so as to divide 'organic' and 'conventional' agriculture into component parts, namely (1) soil management, and (2) pest control. The trial is a factorial split plot design which investigates the effect of, and any interaction between, production system components. Onion plots within this trial were selected for study since onion crops are highly dependent on rhizosphere associations and susceptible to soil-borne pathogens. 19, 20 and with standards for organic certification set out by the Irish organic certification bodies, with the exception that for experimental purposes the separation distance required between adjacent organic and conventional commercial enterprises was not practised between organic and conventional treatment plots.
MATERIALS AND METHODS

Field trial
The organic soil (OS) treatments comprised certified organic fertiliser inputs; a 4 year horticultural crop rotation including a fertility building red clover ley (Trifolium pratense); and use of small grain or legume winter cover crops. The conventional soil (CS) treatment comprised use of mineral fertilisers, with no set crop counts were lower than expected, therefore culturable microbial population and total nematode counts were assessed from soil samples taken 7 November 2011 after onion harvest and before winter cover crop initiation in OS split plots. On both sample dates, six to eight soil cores (10 cm depth) were taken using a cone auger from each onion plot and hand mixed to form a composite sample.
Community level physiological profile analysis
The substrate utilisation pattern of soil samples was assessed using Biolog Eco plates (Biolog Inc., Hayward, CA, USA) according to the recommendations of the manufacturer. Freshly obtained composite soil samples from each plot were sequentially reduced and a 5 g sub-sample was weighed into a sterile falcon tube with 50 mL of quarter-strength Ringers solution (Oxoid, Basingstoke, UK). Samples were placed in a shaking incubator at room temperature and 300 rpm for 30 min and were then allowed to settle for 10 min. An aliquot (10 mL) of each solution was transferred to a fresh tube and further diluted to an absorbance, A 590 , of 0.4 to standardise inoculum densities. Experimental samples were randomly assigned to each Biolog plate replicate, giving a total of six Eco-plates. Wells were inoculated with soil suspension (150 µL per well) and incubated at 25
• C for 7 days. The A 590 was measured on day 0 and on days 2, 3, 4 and 5 after inoculation using an automated plate reader (Dynatech MRX; Dynatech International, Jakarta, Indonesia).
Prior to further analysis each well absorbance reading was blanked against its own initial reading and the control well. The average well colour development (AWCD), area under the curve (AUC) and Shannon diversity index (H ) were then calculated as described below.
Culturable microbial population
Five grams of each soil sample were added to 45 mL sterile distilled water in a 50 mL Falcon tube and shaken on a wrist action shaker (flask shaker; Stuart Scientific, Staffordshire, UK) for 10 min. Ten-fold serial dilutions were prepared and 100 µL aliquots were spread onto trypic soy agar for total bacterial counts; potato dextrose agar with streptomycin (50 µg mL −1 ) for total fungal counts and water agar with nystatin (50 µg mL −1 ) for actinomycete counts. Plates for bacterial and fungal counts were incubated at 25
• C for 2-4 days. Fungal genera were identified by morphological and microscopic examination. Plates for actinomycete counts were incubated at 28
• C for 10-14 days.
Nematode abundance
Nematodes were extracted from 100 g composite soil samples by the Oostenbrink elutriator and Baermann funnel techniques, collected after 48 h, and preserved in DESS according to Yoder et al. 23 Total nematode numbers were determined. Counts were adjusted for soil moisture content and expressed as nematode abundance per gram of dry soil.
Data analysis
Statistical analysis was carried out using SAS 9.1 (Cary, NC, USA). For CLPP analysis AWCD for each experimental treatment was calculated over time. The area under the curve (AUC) for each substrate was calculated according to Hackett and Griffiths 24 and the Shannon diversity index (H ) was calculated according to the equation:
where p i is the proportion of the total contributed by the ith species and s is the total number of species.
The AUC for each sole carbon source in the fully conventional (CSCP) and fully organic (OSOP) treatments were subjected to a paired t-test for significant differences between treatments. AWCD data, H data, microbial and nematode count data and soil fungal/bacterial ratio (F/B) ratio data were analysed using an ANOVA mixed model containing a contrast code to compare the fully organic (OSOP) and fully conventional (CSCP) treatments as well as the individual treatments and interactions (SAS 9.1).
Denaturing gradient gel electrophoresis analysis
Microbial DNA was extracted from soil samples using the MOBIO Ultraclean Soil DNA Isolation kit (Cambio Ltd., Cambridge, UK) according to the specifications of the manufacturer. For the analysis of fungal diversity a segment of the fungal 18S small subunit (SSU) rDNA gene (around 390 bp) was amplified using primer pair FR1 and FF390 as described by Vainio and Hantula. 17 Each PCR reaction contained 25 µL MyTaqRed (Bioline, London, UK), 0.1 µmol L −1 of each primer and around 10 ng of template DNA to a final volume of 50 µL. PCR cycles were as described by Vainio and Hantula. 17 For the analysis of soil bacterial diversity a 433 bp fragment of the bacterial 16S rDNA gene was amplified using primers F984GC and R1378 described by Heuer et al.
14 PCR was carried out in a volume of 50 µL as above using the following cycle: initial denaturing step 5 min at 94
• C, 35 cycles comprising 1 min denaturing at 94
• C, 1 min annealing at 53
• C, 2 min extension at 72
• C, followed by a final extension step of 10 min at 72
Aliquots (5 µL) of each reaction were electrophoresed on a 1% (w/v) agarose gel to verify similar concentrations of PCR products had been amplified from each soil sample. The remaining PCR reaction products (45 µL) were then analysed by DGGE using a 45-60% denaturing gradient (100% denaturant contained 7 mol L −1 urea and 40% formamide) on a 6.5% (w/v) polyacrylimide gel for fungal samples or a 30-60% denaturing gradient for bacterial samples.
14,17,25 DGGE gels were prepared using a Biorad 475 Gradient Delivery System (Biorad, Hertfordshire, UK) and were allowed to polymerise overnight. Gels were run at 50 V and 60
• C for 17 h in 1× TAE (Tris. Acetate EDTA, pH 8) re-circulating buffer for separation of fungal DNA or at 150 V and 60
• C for 5 h in 0.5 × TAE for bacterial gels. Bands were stained by immersing the gel in 1× TAE buffer containing Gelstar GelRed stain (Lonza, Cambridge, UK) according to the specifications of the manufacturer and were visualised under UV light. To compare the separation patterns of all four soil treatments (OSOP, OSCP, CSOP, CSCP) on a single DGGE gel, initial DGGE gels containing all four replicates of each treatment (16 lanes) were run and checked for consistency across the replicates. Subsequently, representative samples for each treatment were re-amplified as above and run on a single DGGE gel.
Denaturing gradient gel electrophoresis band sequencing and sequence analysis
Bands of interest were excised from the DGGE gel and eluted into a small volume (20-50 µL) of sterile PCR-grade water using a 'crush and soak' method. Five microlitres of the solution was used to re-amplify the excised fragment using the same primer pair and PCR conditions as previously described. PCR products were purified from a 1% (w/v) agarose gel using the QiaxII gel extraction kit (Qiagen, Manchester, UK), sub-cloned into the pGEMT-easy vector (Promega, Wisconsin, USA) and transformed into competent Escherichia coli JM109 cells (Promega). Since comigration of multiple sequences within the same DGGE band has been noted 26 -28 three to four clones containing an insert of the expected size were sequenced for each expected band. Where identical duplicate sequences were obtained from the same band only one sequence is presented. Sequencing was carried out using universal pUC13/M13 forward sequencing primer (5 -CGCCAGGGTTTTCCCAGTCACGAC-3 ). The primers used for DGGE PCR are given in Table 2 .
Bacterial sequences were identified by a blastn search alignment against 16S ribosomal DNA sequences on the NCBI database (http://blast.ncbi.nlm.nih.gov). 29 Fungal sequences were identified by blastn search alignment using the nucleotide collection (nr/nt) database. Uncultured/environmental sample sequences were excluded from both fungal and bacterial search parameters. For identification based on blast search homology the criterion used was consistent similarity at ≥98% to the same species or genus. Sequences identified were submitted to the Genbank database using the Bankit submission tool.
RESULTS AND DISCUSSION
Community level physiological profile analysis Our data indicated significantly higher levels of microbial activity and functional diversity in soil under the fully organic (OSOP) treatment compared to the fully conventional (CSCP) treatment. Three indices -average well colour development (AWCD), Shannon diversity index (H ), and area under the curve (AUC) for individual carbon sources -were calculated using the Biolog substrate utilisation data ( Fig. 1 and Table 3 ). Where initial inoculum density has been standardised the AWCD is a measure of the rate of microbial activity. Values for AWCD were significantly lower under the CSCP treatment than under the OSOP treatment (P < 0.01) indicating higher levels of microbial activity under fully organic management. The Shannon diversity index (H ) is a measure of the potential functional diversity of the microbial community and takes into account both the number of substrates and their degree of utilisation. 30 Differences shown by AWCD were more pronounced than those observed using H as has been noted elsewhere. 30 Soil treatment had a significant main effect (P < 0.05) in the AWCD and Shannon diversity index data. In the experimental design used here the organic soil (OS) treatment is itself composed of crop rotation, use of organic fertiliser inputs and use of cover crops. Thus it is not possible to identify the relative contribution of specific individual practices within the soil treatment. Several studies report a proliferation of bacterial and fungal populations and activity under organic management. 31 -33 Conversely, some studies have shown crop rotation, and in particular the specific crop species grown in the previous 3 years, to be the dominant management factor. The area under the curve (AUC) is useful as a summary statistic in analysing BIOLOG data since it incorporates both the maximum colour development and the rate of colour development. 24 Mean AUC values for utilisation of the 31 individual sole carbon sources found on Biolog Eco-plates for the OSOP and CSCP treatment soils were calculated (Table 3 ). The microbial community under the fully organic treatment (OSOP) showed significantly higher utilisation of sugar derivatives, carboxylic acids and polymers (P < 0.05) than under the fully conventional CSCP treatment. In terms of individual sole carbon sources the sugars D-cellobiose and D-xylose, and the carboxylic acids pyruvic acid methyl ester and 4 hydroxybenzoic acid were utilised at higher levels in the organic (OSOP) plots than in the conventional (CSCP) plots. Conversely the sugar i-erythritol showed significantly lower utilisation under the OSOP treatment. have been reported elsewhere in organically managed systems 3, 35 and in response to crop rotation practices. 36 Similarly, total nematode abundance has been reported to increase in response to organic matter fertiliser. 37 Animal manure or composts are a very important component of organic agriculture, and several studies report on pathogenic nematode and disease suppression after soils are amended with animal manures. 38 A linear decrease in the population of the plant pathogenic nematode Meloidogine incognita with increasing numbers of bacteria after the application of chicken litter in the soil, and a lower infection by nematodes on tomato plants when un-sterilised as compared to sterilised chicken manure was used has been demonstrated. 39, 40 Other studies report suppression of soil-borne fungal pathogens such as Pythium, Fusarium, Phytophthora and Rhizoctonia. 38, 41 It has often been suggested that the soil fungal/bacterial ratio is indicative of ecological succession, with bacteria dominant (low F/B ratio) in disrupted soils such as arable and horticultural soils, whilst fungi are increasingly dominant (high F/B ratios) under established grassland and forest soils. For horticultural production F/B ratios in the region of 0.3 to 1 are generally considered optimal. Increased F/B ratios have been reported in response to a number of agricultural practices including continuous cropping of a single crop, adoption of no tillage systems, application of organic matter with a high C:N ratio and transition to grass; 2, 36, 42 whilst decreases in the F/B ratio have been reported following addition of compost, slurry, farm yard manure (FYM) or mineral N, and in response to tillage. 2, 42 The fungal/bacterial ratio based on count data was in the range 0.08 to 0.29 (Fig. 3) ; however, no significant differences in F/B ratio under different treatments were found.
Culturable microbial population and total nematode counts
Denaturing gradient gel electrophoresis and sequence analysis Molecular techniques provide powerful new tools to investigate soil microbial populations. Nucleotide sequences for bacterial 16S bands B1-B6 and fungal 18S bands K1-K22 have been deposited in the Genbank database. Accession numbers are shown in Table  4 and Table 5 .
Fungal and bacterial DGGE and sequence data in this study indicated that soil fungi predominantly belonged to the Ascomycetes whilst isolated bacterial sequences belonged primarily to the Actinobacteria and Proteobacteria (Table 4 and  Table 5 ). A number of previous studies found ascomycete fungi to be predominant in agricultural and grassland soils. 43 Fungal and bacterial community fingerprints obtained by DGGE were generally consistent across the four field replicates for each treatment (data not shown). Representative samples for each treatment were then compared on a single gel (Fig. 4) . For the fungal DGGE profile some variability in banding patterns between replicates was observed in the OSCP treatment, and two lanes encompassing this variability were run. Comparison of sequence data suggests that both organic soil and organic pest-control treatments may have beneficial effects in terms of disease and soil disease suppresiveness. Putative fungal onion pathogens were sequenced primarily under the conventional soil (CSCP and CSOP) treatments, whilst putative soil suppressive bacterial species (Lysobacter sp. and the Actinomycetes) were sequenced predominantly under the organic pest-control treatment (CSOP and OSOP).
The majority of fungal species obtained belonged to the Ascomycetes, with smaller groups of Basidiomycetes, Chitridiomycetes and Zygomycetes. Two sequences showing relatively low homology to yeasts and to the unclassified soil flagellate Proleptomonas faecicola formed a small out-group. Two common soil saprophyte fungi, Chaetomium globosum and Mortierella, were widely distributed and were found in soil samples from all four treatments. Sequences corresponding to the causative organisms of several important onion diseases including Fusarium basal rot (Fusarium spp. ); leaf blotch (Cladosporium spp. ); pink root (Phoma spp.); stunting (Rhizoctonia spp.) and storage black mould (Aspergillus spp.) were identified and were predominantly found under the conventional soil (CS) treatment. Although the pathogenicity of the individual strains present is not known it is of interest that 10 of the 11 putative onion pathogen sequences were found in the CSCP and CSOP treatment soil samples. Verticillium spp. can cause disease in a number of dicot crops and ornamentals, but do not affect monocots such as onion and were sequenced from OSOP and OSCP treatments. Fungal genera which can contribute to soil disease suppressiveness include non-pathogenic Fusarium spp., Penicillium spp., and Trichoderma spp. 43 DGGE bands included two sequences of the potential soil suppressive Trichoderma sp. found under the OSOP treatment and the CSCP treatment. A number of parasitic or entomopathogenic fungi were also identified.
Nine unique bacterial sequences, including Nocaroides, Friedmaniella, Cellvibrio and Lysobacter species, were obtained for the fully organic treatment. All nine sequences belonged to the Proteobacteria or Actinobacteria (including Actinomcyete) groups. The occurrence of Actinomycetes and Lysobacter species are of particular interest since they have been implicated in soil disease suppresivenesss. 44 -46 Seven unique bacterial sequences, including Friedmaniella and Mycobacterium sp., were obtained from the fully conventional treatment. These sequences were phylogenetically more diverse and belonged to Verrucomicrobia, Parachlamydiae, Actinobacteria (including Actinomycete and Mycobacteriaceae) groups. No onion pathogenic bacterial species were identified under any treatment.
The main limitations of the DGGE technique include (1) time consuming, cannot be automated, and difficult to reproduce between different gels; (2) gels of complex communities may appear smeared due to large number of bands; (3) only a fraction of the microbial community may be recovered due to bias in extraction and amplification; and (4) primers used are based on relatively conserved rDNA sequences and thus have limited utility for identification to species level. In a study on leaf-associated fungi by Duong et al., 16 a number of fungi which were identified by culture-based methods were not detected by DGGE and the phylogeny of some sequences could not be resolved. Similarly, in this study several fungal and bacterial sequences were not conclusively identified.
CONCLUSIONS
Data presented here indicate that organic management practices can have a beneficial effect on biotic aspects of soil health in a cultivated onion crop, including microbial activity and diversity. The sequence data is indicative of the predominance of different functional groups (i.e. soil suppressive versus potential pathogens) under different management practices and warrants further investigation. Application of large-scale pyrosequencing 43 and/or use of primers for specific species or for specific functional groups in combination with DGGE, qPCR and conventional PCR 34, [47] [48] [49] would be of interest over a range of time points to characterise functional microbial groups under the agricultural management treatments used in this study.
